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Abstract: Serendipita indica is a plant growth-promoting fungus. It is a natural soil dweller that can 

colonize the roots of a wide range of plants, including cultivated crops. S. indica has been reported 

to improve plant nutrient uptake and increase stress tolerance when inoculated into the soil. The 

present study was undertaken to study the effect of volatile organic compounds (VOCs) of S. indica 

on salt-stressed Ocimum basilicum ‘Fin vert’ in vitro, either in a culture vessel with a semi-solid me-

dium or via a modified temporary immersion bioreactor system (SETIS). For all salt concentrations, 

VOCs of S. indica significantly improved plant growth in both semi-solid medium and SETIS biore-

actors. This resulted in heavier and taller plants, more shoots per plant, and longer roots. This was 

even observed for the control without salt. At 9 g/l NaCl, plants with Serendipita were able to give 

longer roots than those without (1.2 cm vs. 0.0 and 1.7 cm vs. 1.7 cm) in the semi-solid medium and 

SETIS, respectively. Nevertheless, the VOCs were not able to make the plant salt tolerant to this high 

concentration. The increase in total phenolic and flavonoid content and radical scavenging suggest 

that the antioxidant defense system is triggered by the S. indica VOCs. In the semi-solid system, 

without VOCs, 1 g/l NaCl led to an increase in total chlorophyll content (TCC) and a significant 

decrease in TCC was further measured only at 6 g/l NaCl or more. However, when VOCs were 

added, the bleaching effect of the salt was partially restored, even at 6 and 9 g/l NaCl. A significant 

decrease in TCC was also measured in the SETIS system at 6 g/l NaCl or more and treatment with 

VOC did not make any difference. An exception was 9 g/l, where the VOC-treated plants produced 

more than three times more chlorophyll than the non-treated plants. These findings will encourage 

the application of Serendipita indica for stress reduction. In addition, the proposed original adapta-

tion of a temporary immersion system will be instrumental to investigate stress reduction associated 

with volatile compounds and better understand their mechanism of action. 

Keywords: semi-solid medium; SETIS; NaCl; VOCs; basil 

 

1. Introduction 

Beneficial rhizosphere microorganisms and their bioactive compounds have been 

widely studied as potential biofertilizers, biostimulants, and biocontrol agents to find sus-

tainable alternatives to chemicals. In the rhizosphere, plants naturally coexist with various 

microorganisms. Sometimes they establish a symbiotic relationship with bacteria or fungi 

[1,2]. Microorganisms have not only diffusible metabolites to consider. The volatile organic 

compounds (VOCs) produced by microorganisms can modulate plant physiological pro-

cesses, these metabolites, and their biological functions, which has gained interest [3]. The 

VOCs emitted by microorganisms are characterized by low molecular weight, high vapor 

pressure, low boiling point, and lipophilic [4]. Due to their small size, VOCs can spread 

through the atmosphere and soil. Some VOCs have neutral or inhibitory effects on the 
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growth of plants, such as chlorosis and senescence [5,6]. However, VOCs that have posi-

tive effects on plant development could hold great promise for future applications as sus-

tainable natural products. Indeed, some VOCs are capable of controlling plant pathogens, 

stimulating plant growth, and inducing systemic resistance to diseases [3,7–10]. This is 

reported for some bacteria such as Bacillus and Burkholderia [3,11,12] and some fungi like 

Trichoderma and the non-pathogenic Fusarium oxysporum MSA 35 [13,14]. 

The mutualistic root endosymbiont Serendipita indica colonizes a wide range of plant 

species and contributes to their biotic and abiotic stress tolerance under field conditions. 

S. indica increases salt stress tolerance in barley [15], rice [16], arabidopsis, alfalfa [17], 

tomato plants [18], and sweet basil [19]. It is involved in adjusting the osmotic balance [20] 

and modifying antioxidant enzyme levels, induces ROS capture systems, and regulates 

the K+/Na+ ratio of colonized plants [21]. However, its mode of action has not yet been 

definitively elucidated. Recently, attention has focused on the role of S. indica VOCs and 

their influence on plant growth. Some studies showed that the VOCs of S. indica and S. 

williamsii are able to increase the biomass of Arabidopsis thaliana in vitro seedlings [22]. 

In vitro or in fields, plants are facing different stress such as salinity, which is the 

main abiotic stress that threatens plant growth and thus agriculture, especially in arid and 

semi-arid areas. As a consequence, seed germination is inhibited, seedlings develop 

poorly, root development is restricted, oxidative stress is caused, and farmers suffer great 

losses. The problem has been addressed by conventional breeding and genetic modifica-

tion, but mycorrhiza could also contribute to a sustainable strategy to increase crop yields 

under salt stress [23]. 

Ocimum basilicum, or sweet basil, is cultivated worldwide for the culinary use of its 

leaves and the pharmaceutical and cosmetic application of its essential oil [24]. Salinity 

negatively affects its germination, growth, flowering, and yield [25–27]. 

The objective of this research was to study the effect of the VOCs of S. indica on the 

salt stress tolerance the basil shoot, without direct contact of the fungus with the roots. 

Therefore, we made use of the controlled environment of in vitro culture systems. These 

included semi-solid systems and temporary immersion bioreactors (SETIS). We subjected 

the plants to salt stress and ensured that they came in contact with the fungus only 

through the volatiles in the headspaces. With this new approach, we were able to demon-

strate for the first time that Serendipita can remotely influence salt stress resistance through 

its VOCs. 

2. Materials and Methods 

2.1. Serendipita Indica 

Serendipita (formerly Piriformospora) indica strain DSM 11,827 was obtained from Dr. 

Jolien Venneman [28]. It was stored at 4 °C in sterile potato dextrose agar (PDA) plates. 

Three days before the start of each experiment, S. indica was inoculated into the appropri-

ate container on PDA and incubated at 29 °C. 

2.2. Plant Material 

Seeds of Ocimum basilicum ‘Fin vert’ were wrapped in filter paper, rinsed in 70% eth-

anol, and surface sterilized for 15 min in 0.8% NaOCl (10% commercial bleach) with 

0.001% tween, and finally rinsed three times with sterile distilled water. They were indi-

vidually placed in test tubes containing 20 mL of basal medium consisting of Murashige 

and Skoog (1962) macro- and microelements and vitamins (Duchefa, NL), 3% sucrose, and 

0.7% plant agar (Duchefa NL). The pH of the medium was adjusted to 5.8 before autoclav-

ing (120 °C, 15 min). Six weeks later, the seedlings were used as explants for micropropa-

gation in 720 mL glass jars on the same basal medium. 
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2.3. Semi-Solid Medium Bioassay 

One hundred milliliters of basal medium containing 0, 1, 3, 6, or 9 g/l NaCl was added 

to 720 mL jars. The pH of the medium was adjusted to 5.8 before autoclaving (120 °C, 15 

min). A sterile petri dish (ɸ 55 mm) was placed in each jar and then filled with 10 mL PDA. 

S. indica was inoculated into the petri dishes (Figure 1b VIII). After 3 days, nodal explants 

(0.5 cm) of basil from the previously mentioned in vitro stocks were transferred to the 

plant medium (Figure 1b VII). Three vessels were used per treatment and there were four 

biological replicates. Four weeks later, growth parameters (root length, shoot length, num-

ber of shoots, and fresh weight of the plant) were determined. 

 

Figure 1. (a): The modified SETIS system. I: culture vessel; II: medium vessel; III: air filter; IV: sili-

cone tube; V: screw caps; VI: Duran bottle containing PDA medium with S. indica. The four combi-

nations show, from left to right, the resting phase, the pushing up of the liquid medium, the immer-

sion phase, and the flowing back of the liquid medium. (b): The semi-solid system. VII: medium; 

VIII: Petri dish with S. indica growing on PDA. 

2.4. SETIS Bioassay 

SETIS™ (Vervit, Belgium) is a temporary immersion bioreactor (Figure 1a). Web-

based software controls valves to supply compressed air that pushes liquid medium from 

a lower transparent reservoir (medium tank) (Figure 1a II), through a flexible silicone tube 

(Figure 1a IV), into an upper cube-like container that contains the explants (plant con-

tainer) (Figure 1a I). The latter contains the explants, which are fully immersed in the me-

dium. When the air pressure drops, the medium returns to the lower container by gravity. 

The main chamber is refreshed by separate flushes of compressed air. An additional 1000 

mL Duran bottle containing 250 mL of PDA was added to this system (Figure 1a VI). S. 

indica was inoculated into this bottle 3 days before it was connected to the main aeration 

flow with silicone tubing. A 0.25 µm intermediate filter was used to prevent contamina-

tion (Figure 1a III). Every 8 h, a medium emersion phase of 60 s was programmed, as well 

as an air flux with or without VOCs of 60 s every hour (Figure 1 I). 

The medium tank was filled with 1 L of liquid basal medium containing MS medium, 

3% sucrose, and 0, 1, 3, 6, or 9 g/l NaCl. The pH of the medium was adjusted to 5.8 before 

autoclaving (120 °C, 15 min). After autoclaving the individual parts, the system was 

mounted in the laminar airflow. Then, 20 explants (0.5 cm) were transferred to each SETIS 

plant tank. Duran bottles containing the fungus were connected to half of the SETIS sys-

tems. Each experiment consisted of 10 SETIS systems and was repeated three times. In one 

repetition, PDA bottles without the fungus were also integrated. 
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2.5. Extraction 

The basil leaves were collected after 4 weeks. They were freeze-dried, ground into a 

fine powder, and stored at –80 °C until use. Dried samples of 100 mg were extracted with 

10 mL of methanol (80%). After 10 min of sonication, the samples were allowed to rest for 

30 min. They were then centrifuged 10 times at 5500 rpm. The supernatant was collected 

and used for the determination of phytochemicals, TPC, TFC, and antioxidant activity. 

2.6. Total Phenolic Content (TPC) 

The determination of TPC was performed according to the following procedure [29]. 

Briefly, 50 µL of the sample was pipetted into a test tube. To this, 125 µL of 10% Folin-

Ciocalteu solution was added and vortexed. After 5 min, 400 µL of 7.5% Na2 CO3 solution 

and 425 µL milliQ water were added, followed by 2 h incubation in the dark. The absorb-

ance was measured at a wavelength of 760 nm with a UV-Vis spectrometer. The TPC of 1 

g of dry extract was related to gallic acid as a standard (mg GAE/g). 

2.7. Total Flavonoid Content (TFC) 

The TFC was calculated according to the following method [30]. Five hundred mi-

croliters of the extract was mixed with 500 µL of a reagent (20 µL of 10% AlCl3, 20 µL of 

1 M sodium acetate, 300 µL methanol, and 560 µL MilliQ water) and then shaken vigor-

ously. The absorbance was measured at a wavelength of 415 nm with the UV-Vis spec-

trometer. The TFC was determined using a standard curve made with quercetin and the 

results were expressed as mg QE per mg dry extract. 

2.8. DPPH Free Radical Scavenging Activity 

The DPPH method was performed as follows [31]. The reaction mixture contained 

0.1 mL of methanolic extract of basil, 0.4 mL of 0.1 M Tris-HCl (pH 7.4), and 0.5 mL of 0.3 

mM DPPH. This was shaken vigorously and incubated for 20 min in the dark at room 

temperature. Free radical scavenging activity was measured spectrophotometrically at 

517 nm and calculated using the following formula: 

Percentage inhibition% = [(A0 − A1)/A0] × 100 (1) 

where A0 was the absorbance of the control (blank, without extract) and A1 the absorb-

ance in the presence of the extract. The results were reported as IC50 value (µg/mL), where 

a lower IC50 value represents a stronger DPPH scavenging capacity. 

2.9. Total Chlorophyll Content 

The total chlorophyll of the leaves was extracted with 80% acetone [32]. One hundred 

milligrams of fresh basil leaf was cut into small pieces and ground for 5 min in 10 mL of 

80% acetone in a mortar and pestle. The homogenate was put into a 15 mL Falcon tube 

and centrifuged at 3000 g for 15 min. The supernatant was moved into a new 15 mL Falcon 

tube. The optical density (OD) of the extract was measured at both 663 and 644 nm using 

spectrophotometer. The concentration of total chlorophyll, in milligrams per gram of FW 

tissue, was calculated using the following formula: 

Chl (total) = 17.76 × OD644 + 7.34 × OD663 (2) 

2.10. Cultivation Conditions 

All cultures were incubated at 25 ± 2 °C under a 16 h/8 h light/dark photoperiod and 

a light intensity of 45 µmol m-2 s-1 fluorescent light (FL) provided by PHILIPS master 

TLD 36 W 830 Refex ECO. After 4 weeks of culture, the proliferation rate was calculated 

as the number of shoots per explant. Shoot length, root length, and weight were measured. 
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2.11. Statistical Analysis 

A completely randomized design was used for all experiments. By SPSS statistics 28, 

a three-way ANOVA was performed, which was followed by a one-way ANOVA to sep-

arate the means of the 5 × 2 combinations of salt and VOCs treatment, for each system, 

using the least significant difference test (p < 0.05). 

3. Results 

3.1. Effect of Volatile Substances on Growth Parameters 

The results are summarized in Figure 2. Without S. indica volatiles, NaCl was found to 

have a negative effect on total plant growth, which was estimated from the average biomass 

per shoot. Increasing the NaCl concentration from 0 to 9 g/l gradually decreased the biomass 

from 1.3 g to 0.2 g in semi-solid media and from 1.5 g to 0.04 g in SETIS. The longest plants 

and roots were obtained on salt-free medium. With increasing NaCl concentration, both pa-

rameters decreased significantly in both systems as visually shown in Figure 3. 

 

 

Figure 2. Effect of increasing salt concentration with or without VOCs emitted by Serendipita indica 

on shoot and root length, number of shoots, and biomass of Ocimum basilicum grown in semi-solid 

medium and SETIS (means of 10 combinations of salt and VOCs treatment, for each system, were 
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analyzed by one way ANOVA: for each graph, values with different letters are significantly differ-

ent at p < 0.05). 

 
(a) 

 
(b) 

Figure 3. Morphology of Ocimum basilicum plants treated with volatiles emitted by S. indica: (a) in 

SETIS; (b) in semi-solid medium. 

For all salt concentrations, VOCs of S. indica significantly improved plant growth in 

both semi-solid medium and SETIS bioreactors. This resulted in heavier and taller plants, 

more shoots per plant, and longer roots. This was even observed for the control without 

salt. At 9 g/l NaCl, plants with Serendipita were able to give longer roots than without (1.2 

cm vs. 0.0 and 1.7 cm vs. 1.7 cm) in the semi-solid medium and SETIS, respectively. Nev-

ertheless, the VOCs were not able to make the plant salt tolerant to this high concentration. 
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3.2. Effect of VOCs on Chlorophyll Content 

In the semi-solid system, without VOCs, 1 g/l NaCl led to an increase in TCC, and a 

significant decrease in TCC was further measured only at 6 g/l NaCl or more (Table 1). 

However, when VOCs were added, the bleaching effect of the salt was partially restored 

at 6 and 9 g/l NaCl. A significant decrease in TCC was also measured in the SETIS system 

at 6 g/l NaCl or more. VOC-treated plants were similar to non-treated plants experiencing 

the same salt stress. An exception was 9 g/l, where the VOC-treated plant produced more 

than three times more chlorophyll than the non-treated plants. 

Table 1. Effect of Serendipita indica volatiles on total chlorophyll content of Ocimum basilicum grown 

on semi-solid medium and SETIS under salt stress conditions. 

 Total Chlorophyll Content mg/g FW 

 Semi-Solid Medium SETIS 

Salt Treatment without VOCs with VOCs without VOCs with VOCs 

Control (0 g/l 

NaCl) 
20.8 ± 2.5 b 29.8 ± 6.0 a 18.6 ± 1.5 b 26.0 ± 3.5 a 

1 g/l NaCl 25.4 ± 3.4 a 30.0 ± 3.7 a 20.0 ± 3.1 ab 26.0 ± 2.8 a 

3 g/l NaCl 22. 0 ± 2.3 ab 26.7 ± 4.6 a 16.6 ± 0.5 bc 18.8 ± 4.6 b 

6 g/l NaCl 14.8 ± 1.5 c 17.6 ± 1.3 b 12.0 ± 2.0 cd 13.4 ± 1.3 cd 

9 g/l NaCl 4.2 ± 1.4 d 13.5 ± 1.9 cd 3.8 ± 1.5 e 12.8 ± 1.9 d 

Means of 10 combinations of salt and VOCs treatment, for each system, were analyzed by one way 

ANOVA: for each system, values with different letters are significantly different at p < 0.05. 

3.3. Effect of Volatile Substances on Antioxidant Parameters 

3.3.1. Total Phenol Content 

TPC content (Tables 2 and 3) was measured in each extract using the Folin-Ciocalteu 

reagent. Results were derived from a standard curve (y = 0.002x + 0.0268; R2 = 0.9963) of 

gallic acid (0–500 µg/mL) and expressed as gallic acid equivalents (GAE) per gram of dry 

weight. In semi-solid medium, starting from 6 g/l NaCl, the content of TPC in the plants 

decreased significantly. In the presence of the VOCs, the phenolic compounds were al-

most doubled in all treatments. In SETIS, salt did not affect TPC content, but VOCs 

strongly stimulated TPC at 0 and 1 g/l NaCl. Although not at 3 and 6 g/l salt, at 9 g/l salt, 

there was a positive effect on TPC content. 

Table 2. Effect of Serendipita indica volatiles on total phenolic content (TPC), total flavonoid content (TFC) 

and antioxidant activity (DPPH) of Ocimum basilicum in semi-solid medium under stress condition. 

Semi-Solid 

Medium 
TPC (mg GAE/g) TFC (mg QE/g) DPPH (IC50) (µg/mL) 

Salt 

Treatment 

without 

VOCs 

with 

VOCs 

without 

VOCs 

with 

VOCs 

without 

VOCs 
with VOCs 

Control (0 

g/l NaCl) 
59.9 ± 5.2 cd 107.8 ± 1 a 45.6± 4.2 c 86.1 ± 0.8 a 45.4 ± 10.8 b 53.6 ± 7.5 b 

1 g/l NaCl 58.8 ± 7.4 cd 105.3 ± 11.5 a 42.7 ± 4.5 cd 
61.6 ± 12.1 

b 
49.0 ± 6.8 b 72.6 ± 6.5 a 

3 g/l NaCl 65.5 ± 7.0 c 86.1 ± 6.7 b 45.5 ± 8.7 c 64.2 ± 1.0 b 37.0 ± 12.0 c 60.2 ± 9.1 a 

6 g/l NaCl 18.9 ± 2.3 f 36.0 ± 0.7 e 31.2 ± 2.4 e 
36.0 de ± 

0.7 
47.9 ± 9.3 b 76.7 ± 8.4 a 

9 g/l NaCl 18.5 ± 5.8 f 38.3 ± 3.1 e 18.5 ± 3.5 f 
38.3 ± 3.1 

cd 
64.0 ± 5.8 a 97.0 ± 22.0 a 

Means of 10 combinations of salt and VOCs treatment, for each parameters, were analyzed by one 

way ANOVA: for each parameter, values with different letters are significantly different at p < 0.05. 
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Table 3. Effect of Serendipita indica volatiles on total phenolic content (TPC), total flavonoid content 

(TFC), and antioxidant activity (DPPH) of Ocimum basilicum in SETIS under stress condition. 

SETIS TPC (mg GAE/g) TFC (mg QE/g) DPPH (IC50) (µg/mL) 

Salt Treatment 
without 

VOCs 
with VOCs 

without 

VOCs 

with 

VOCs 

without 

VOCs 
with VOCs 

Control (0 g/l 

NaCl) 
49.0 ± 7.8 d 128.2 ± 29 a 50.8 ± 7.8 a 56.7 ±14.1 a 27.3 ±6.8 de 

44.5 ± 11.0 
bc 

1 g/l NaCl 60.3 ± 12.6 cd 108.4 ± 22.6 b 
33.4 ± 5.3 

cd 

56.7 ± 14.1 
a 

19.2 ± 6.2 e 29.0 ± 5.2 d 

3 g/l NaCl 55.5 ± 11.2 d 71.1 ± 13.4 cd 
30.1 ± 6.6 

de 
44.4 ± 7.8 b 

43.6 ± 10.2 
bc 

75.2 ± 10.2 a 

6 g/l NaCl 45.5 ± 13.2 d 53.1.3 ± 10 d 28.0 ±5.5 de 36.5 ± 6.1 c 21.6 ±10.2 e 53.2 ± 7 b 

9 g/l NaCl 55.8 ±15.5 d 85.4 ±20.1 bc 24.3 ± 5.2 e 26.1 ± 4.6 e 12.8 ± 1.9 e 32.4 ± 4.5 d 

Means of 10 combinations of salt and VOCs treatment, for each parameters, were analyzed by one 

way ANOVA: for each parameter, values with different letters are significantly different at p < 0.05. 

3.3.2. Total Flavonoid Content 

TFC was measured with aluminum chloride in a colorimetric method. The results 

were subtracted from the calibration curve (y = 0.0689x − 0.0113; R2 = 0.9994) of quercetin 

(0- 12.5 µg/mL) and expressed as quercetin equivalents (QE) per gram of dry extract 

weight (Tables 2 and 3). In semi-solid medium, starting from 6 g/l NaCl, the content of 

TFC in the plants decreased significantly. VOCs increased TFC, but from 6 g/l, there was 

no difference anymore with the plants without VOC. The highest amount of TFC (86.1 mg 

QE/g) was found in the control plant in semi-solid medium treated with VOCs. The small-

est amount (18.5 mg QE/g) of flavonoids was found in the semi-solid medium when the 

plants were exposed to 9 g/l NaCl. In the SETIS system, TFC decreased steadily as the salt 

concentration increased. VOCs were able to partially inhibit this, but no longer did so at 

9 g/l NaCl in the medium. 

3.3.3. Radical Scavenging Capacity 

The antioxidant capacity of the methanolic extract of the leaves of Ociumum basilicum 

was determined by the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay. 

In semi-solid medium, when the salt concentration in the medium increased, DDPH fluc-

tuated. It was found that the DPPH was always higher when VOCs came into play. In 

SETIS, without VOCs, DPPH did not change with increasing salt concentration except at 

3 g/l NaCl. VOCs always increased DPPH, and again there was a strong DPPH increase 

at 3 g/l. 

3.3.4. Comparison between Experimental Systems 

Although the effects of the VOC were fairly analogous in both systems, the modified 

temporary immersion system is preferable. Indeed, in the semi-solid system, it occasion-

ally happened that the fungus escaped from its recipient and colonized the medium, re-

quiring extra replication. 

4. Discussion 
Glycophytes, such as Ocimum, suffer from salt stress and grow slower, branch less, 

and show wilting symptoms. This is caused by two successive processes. Firstly, salt stress 

reduces water uptake due to osmotic stress. Secondly, excess salts in the transpiration 

stream damages plant cells by inhibiting photosynthesis, affecting ion homeostasis, and 

peroxidizing membrane lipids [33]. Not surprisingly, we observed in both in vitro systems 

that plant growth was strongly affected by salt stress. In the semi-solid medium, the num-

ber of shoots, root length, shoot length, and biomass decreased at salt levels ranging from 
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0 g/l (control) to 9 g/l NaCl. Similar studies in basil, both in pots and with nutrient solu-

tions, confirmed the negative effects of salt. When basil was grown in soil containing 3 g/l 

NaCl, leaf area and the fresh and dry weight of leaves and stems decreased to 77% com-

pared to the control [34]. Even 1.5 g/l NaCl reduced the total fresh weight and dry weight 

of basil roots [35]. Plant height, stem diameter, leaf number, and dry mass of basil plants 

were significantly reduced when salt concentration was increased from 0 to 4.80 g/l NaCl 

[36]. In SETIS, the addition of 1 g/l NaCl seemed to be beneficial for shoot and root length, 

but at 3 g/l NaCl, there were already negative effects. The stimulatory effect of temporary 

immersion in 1 g/l NaCl suggests that O. basilicum prefers mild salinity. Some authors 

demonstrated this positive effect in other species. For example, the addition of 1.5 or 3 g/l 

NaCl to the culture medium had a positive impact on the growth of Solanum lycopersicum 

seedlings [37]. 

Another negative effect of salinity demonstrated in this experiment was the reduced 

chlorophyll content in both systems. The reduction of chlorophyll under salt stress has 

been demonstrated in basil [36], and in many other species, such as sugarcane [38], wheat 

and barley [39], tomato [40], Prosopis alba [41] and maize [42]. The reduction in chlorophyll 

content can be explained by the accumulation of intracellular Na+ that blocks the uptake 

of K+ from the medium. Therefore, the plants suffer from deficiency of K+, leading to leaf 

chlorosis [43]. 

Phenolic compounds, including flavonoids, are the most widely distributed second-

ary metabolites present in the plant kingdom. These compounds play numerous biochem-

ical and molecular roles in plants, such as signaling molecules, plant defense, mediating 

auxin transport, antioxidant activity, and free radical scavenging [44]. Phenolic com-

pounds are highly produced by the Lamiaceae family [45], particularly in basil. Our re-

sults showed that in SSM, the TPC and TFC decreased when the salt concentration was 6 

g/l or more, but DPPH increased. In contrast, in SETIS, salt concentration did not affect 

the TPC, but decreased the TFC and DPPH. The latter showed a remarkable increase at 3 

g/l NaCl. This trend was also reported in pot experiments. Salt stress decreased the TPC 

and TFC for Schizonepeta tenuifolia, except at the lowest concentration (1.5 g/l NaCl) where 

the TPC and TFC increased [46]. Salt stress not only affected the TPC, but also the profile 

to phenolic compounds in basil leaves [47]. 

In both the SSM and the SETIS bioreactor, VOCs of S. indica significantly improved 

plant growth under salt stress, expressed as an increase in shoot length and number and 

biomass. There was also an overall positive effect on root length, even without salt stress. 

The growth-promoting effects of VOCs produced by S. indica were only recently discov-

ered. The shoot biomass of in vitro seedlings of Arabidopsis increased up to nine-fold in 

the presence of VOCs from S. indica compared to control [22]. The most abundant volatile 

compound produced by S. indica was methyl benzoate, but its single application did not 

affect plant growth [22]. The beneficial effect of this fungus on seed germination, growth, 

and biomass was further reported only under field conditions in numerous horticultural 

and medical plant species [48–55]. A positive effect of S. indica was also reported on the 

growth of Ocimum sanctum [56]. Root colonization by S. indica has also been found to im-

prove crop tolerance to a number of abiotic stressors, including low temperatures, heavy 

metals, and salt [52,57–60]. 

Regarding the positive effect of VOCs, reference should also be made to Trichoderma 

and other fungi. In arabidopsis, beneficial effects of Trichoderma VOCs on growth were 

reported [61,62]. Physically separated Trichoderma spp. and A. thaliana enhanced both 

shoot and root biomass, root production, and chlorophyll content [63]. Stimulation of salt 

stress tolerance by Trichoderma VOCs was likewise reported [64]. VOCs emitted by T. 

viride showed a growth promotion of tomato plants [61]. Streptomyces VOCs were found 

to promote growth of tomato seedlings irrigated with 12 g/l NaCl, with an increase in 

fresh weight, shoot length, and number of fibrous roots [65]. The volatiles emitted by 

Cladosporium cladosporioides promote tobacco growth [66]. In addition, VOCs from rhizo-

sphere bacteria were reported to promote plant growth [11,67]. 
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In both examined systems, salt stress led to chlorosis. But the S. indica VOCs counter-

acted this effect, which was reflected in a significant increase in chlorophyll content. In a 

pot experiment, S. indica was found to significantly increase the chlorophyll content of rice 

plants under salt conditions compared to non-inoculated plants [16], which helped the 

plants to survive the stress conditions. Several Trichoderma strains also significantly in-

creased the chlorophyll content of A. thaliana, in control plants or plants with salt stress 

[64]. Similarly, volatiles emitted by Fusarium oxysporum and Verticillium dahliae were re-

ported to affect the response of A. thaliana to salt stress by promoting growth and increasing 

chlorophyll content [68]. 

Salt stress is known to cause oxidative damage by stimulating the production of ROS 

that, in turn, damages proteins, lipids, DNA, and carbohydrates. To capture and detoxify 

the ROS, the biosynthesis of antioxidants (phenols and flavonoids) is stimulated. In our 

study, VOCs produced by S. indica significantly increased TPC, TFC, and antioxidant ac-

tivity in all salt treatments, suggesting that these extra phenolics, including flavonoids 

and other antioxidants, help the plants to survive under saline conditions [69]. When 

treated with S. indica, Bacopa monniera plants showed a higher level of antioxidant activity 

comparing to the control plants [70]. The fungus S. indica was also found to increase the 

production of osmoprotectants (proline and glycein) in salt stressed barely plants [15]. 

The level of phenolic compounds may be directly related to their antioxidant capacity 

because of their ability to scavenge free radicals [37,71]. 

Volatiles released by microbes have been shown to be important drivers of plant 

growth [13,22,61]. The mechanisms of this growth promotion are complex. The single ap-

plication 6-pentyl-2H-pyran-2-one (6-PP), a major VOC of Trichoderma, affected root mor-

phogenesis [13]. However, VOCs can also work in a mixture. Methyl benzoate was found 

to be the dominant molecule produced by Serendipita, but its single application did not 

affect plant growth [22]. Some authors suggest that it is actually CO2 emitted by fungi that 

is responsible for the increased plant growth; however, this hypothesis was rejected by 

CO2 capture [22,71]. The profile of fungal volatiles changes as the fungi grow and mature. 

It has been suggested that VOCs emitted by microorganisms mimic plant metabolites, 

providing signals to plants that ultimately generate growth changes [61]. There are not a 

lot of studies on the effect of Serendipita metabolites. For this reason, strong evidence for a 

correlation between growth promotion and the production of specific compounds is lack-

ing, suggesting complex molecular interactions are required. Future analytical research 

on the composition of fungal volatiles at different stages, and molecular research on the 

specific genes and pathways, may shed light on how fungi can also remotely affect plant 

growth and their defense mechanisms against stress. 

5. Conclusions 

For the first time, a modified SETIS system was used to regularly flush the headspace 

of in vitro plants with fresh VOCs from a microorganism, in this case, S. indica. In addition, 

in a semi-solid culture system, it was possible to spatially separate this endophytic fungus 

from the in vitro plants, but colonization of the plant medium by the fungus could not 

always be avoided. Both systems were suitable to demonstrate that the volatiles of S. indica 

can partially alleviate the negative effect of increasing NaCl concentration on root and 

shoot development and chlorophyll content. These VOCs probably triggered the antioxi-

dant defense system. Currently, the effects of the volatiles of S. indica on tolerance to other 

abiotic stressors are being studied. 
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